1. Introduction {#sec1-micromachines-09-00617}
===============

During the past decade, many applications have been developed for microrobots, from targeted drug and cell delivery \[[@B1-micromachines-09-00617],[@B2-micromachines-09-00617],[@B3-micromachines-09-00617],[@B4-micromachines-09-00617],[@B5-micromachines-09-00617]\] to minimally invasive surgery \[[@B6-micromachines-09-00617],[@B7-micromachines-09-00617],[@B8-micromachines-09-00617],[@B9-micromachines-09-00617]\]. Recently, soft flexible microrobots have been developed for targeted drug delivery \[[@B10-micromachines-09-00617]\]. The flexible structure of these microrobots makes them ideal for minimally invasive surgical interventions.

One surgical application in which flexible microrobots can be used is percutaneous coronary intervention (PCI). PCI, also known as angioplasty, is a minimally invasive intervention for treatment of chronic total occlusion (CTO) \[[@B11-micromachines-09-00617]\]. During the angioplasty procedure, the surgeon inserts a catheter and guides it toward the coronary artery. The surgeon then manually guides a submillimeter-sized guidewire toward the blood clot. Finally, a secondary catheter follows the guidewire path to open the blood clot and place the stent. The most challenging aspect of this procedure is the micrometer-sized guidewire steering, which relies on the surgeon's skill. To enhance performance, several robot-assisted technologies have been developed.

An electromechanical navigation system (Magellan robotic system) was developed for catheter steering in angioplasty applications \[[@B12-micromachines-09-00617],[@B13-micromachines-09-00617],[@B14-micromachines-09-00617]\]. The system consists of electromechanical parts for achieving rotational and rectilinear motions of a catheter and an X-ray monitoring system. Despite interesting clinical results, limitations of the system included low control over the tip of the catheter and expensive disposable parts.

A magnetic resonance imaging (MRI)-based magnetic navigation system has been proposed for angioplasty applications. However, the time-consuming image reconstruction limited its application \[[@B15-micromachines-09-00617],[@B16-micromachines-09-00617]\]. Tailored magnetic steering systems have also been studied for rotational motion during the angioplasty procedure. In the Stereotaxis Niobe magnetic steering system, two permanent magnets and an X-ray monitoring device were used for rotational steering \[[@B17-micromachines-09-00617]\]. Although the system showed encouraging results, the mechanical response was slow in terms of changing the field direction, and inability to switch the magnetic field led to the development of electromagnetic navigation systems. Initially, an electromagnetic navigation system with eight coils was proposed for rotational steering of the catheter \[[@B18-micromachines-09-00617]\]. Although an X-ray monitoring system was used, the monitoring was not done in real-time. Furthermore, the system had limited access to the patient.

In electromagnetic systems, the input current is controlled. Therefore, in real-time the field direction and magnitude can be changed. The microrobots response to the magnetic field is in real-time and can be controlled in 3D \[[@B7-micromachines-09-00617]\]. Furthermore, to improve microrobot control performance, time-delay control was used \[[@B19-micromachines-09-00617]\]. The Aeon navigation system was proposed to achieve real-time X-ray monitoring and electromagnetic steering \[[@B20-micromachines-09-00617]\]. Despite recent developments in electromagnetic navigation systems, the system should be integrated with a microrobot for challenging sub-millimeter guidewire steering.

Initially, millimeter-sized catheters equipped with permanent magnets were proposed for angioplasty applications, and several nonlinear models were proposed for controlling the steering of these millimeter-sized catheters \[[@B21-micromachines-09-00617],[@B22-micromachines-09-00617],[@B23-micromachines-09-00617],[@B24-micromachines-09-00617]\]. Microrobots as 2D or 3D structures in micrometer scale were controlled to perform a task in sub-millimeter. The external energy sources (magnetic, acoustic, etc.) actuate the artificial microrobots \[[@B1-micromachines-09-00617],[@B2-micromachines-09-00617],[@B9-micromachines-09-00617]\]. More recently, a flexible microrobot mounted at the end of a conventional guidewire was introduced \[[@B25-micromachines-09-00617]\]. This novel microrobot has a diameter of 500 μm, is steered by the magnetic field, and performs the guidewire steering.

The microrobot is steered using a dedicated actuation system with eight electromagnets. The use of an electromagnetic actuation (EMA) system improves steering efficiency, and the biocompatible design of the microrobots makes the scheme ideal for the future in vivo applications \[[@B25-micromachines-09-00617]\]. The proposed scheme, however, had a one-dimensional (1D) steering model. In this paper, we propose a two-dimensional (2D) steering algorithm to further enhance the system performance and enable steering. The proposed algorithm improves the previous 1D steering performance significantly and enables magnetic steering in an arbitrary path.

The schematic of the system is illustrated in [Figure 1](#micromachines-09-00617-f001){ref-type="fig"}. Once the microrobot reaches the vessel bifurcation, the magnetic field direction is changed. This change in field direction imposes a torque on the magnets and leads to deformation of the flexible body of the microrobot. This concept is used to steer the microrobot from its initial position (1) to the desired position (2) in [Figure 1](#micromachines-09-00617-f001){ref-type="fig"}. After the microrobot was steered using the external magnetic field, the guidewire advances forward manually and follows the microrobot to the desired path. Consequently, the guidewire steering performance is improved by the microrobot.

The final steering system will consist of a tailored X-ray system that can provide top and side views, and will be utilized for real-time monitoring. In this paper, for simplicity, optical cameras are used for monitoring. A modeling approach is utilized to estimate the required inputs for the magnetic field. However, since the steering process is user-supervised, the final position of the microrobot can be manually adjusted. Therefore, a feedforward approach is used in this paper for the modeling.

This paper is organized as follows: in [Section 2](#sec2-micromachines-09-00617){ref-type="sec"}, the schematic of the proposed microrobotic system is introduced. In [Section 3](#sec3-micromachines-09-00617){ref-type="sec"}, the magnetic steering model and 2D steering algorithm is developed. In [Section 4](#sec4-micromachines-09-00617){ref-type="sec"}, the experimental results for 2D and 3D steering are presented. Finally, the conclusion is provided.

2. Flexible Microrobotic Platform {#sec2-micromachines-09-00617}
=================================

The magnetic steering system was composed of four parts ([Figure 2](#micromachines-09-00617-f002){ref-type="fig"}a): (1) an external EMA system (OctoMag; Aeon Scientific GmbH, Switzerland) that generates a 3D magnetic field (nominal maximum magnetic field intensity is 120 mT, and maximum field for continues use is 40 mT this data provided by the manufacturer, for design details see \[[@B7-micromachines-09-00617]\]), (2) a novel flexible microrobot ([Figure 2](#micromachines-09-00617-f002){ref-type="fig"}b shows the optical camera view of the microrobot and [Figure 2](#micromachines-09-00617-f002){ref-type="fig"}c shows the microrobot in an X-ray image), (3) two optical cameras (side and top views), used for simplicity and which will be replaced by an X-ray system in future studies, and (4) a computer and user interface. Since the ultimate goal is to achieve human scale workspace, achieving acceptable performance in lower magnetic intensity is the desired objective. Therefore, in the previous work, 15 mT was considered for microrobot steering \[[@B1-micromachines-09-00617],[@B2-micromachines-09-00617]\]. Furthermore, the relationship between different field intensity and the deformation angle previously introduced and high deformation (132.7°) under 15 mT field intensity was achieved \[[@B25-micromachines-09-00617]\].

The OctoMag has a homogeneous magnetic field of 80 mm × 80 mm × 60 mm. In the system, the coils configuration was optimized to provide this homogeneous field \[[@B7-micromachines-09-00617]\] and the system was successfully used for magnetic steering of microrobots in a number of studies \[[@B1-micromachines-09-00617],[@B2-micromachines-09-00617],[@B25-micromachines-09-00617]\].

Polydimethylsiloxane (PDMS) (Sylgard 184; Dow Corning Corp., Midland, MI, USA), which has a low elastic modulus and a high Poisson ratio, was used for flexible microrobot fabrication. The novel microrobot consisted of two permanent magnets, which are placed at an equal distance within a PDMS matrix and used to steer the guidewire, and a micro spring to connect the guidewire and microrobot. The OctoMag actuation system \[[@B7-micromachines-09-00617]\] can generate a 3D magnetic field of constant magnitude that varies in direction. As the field direction changes, the microrobot experiences a magnetic torque, forcing realignment in the direction of the field. Thus, the microrobot can be magnetically steered in the direction of interest ([Figure 1](#micromachines-09-00617-f001){ref-type="fig"}).

The material of micro-spring is cold drawn alloyed steel containing carbon, silicon, manganese. The outer diameter, inner diameter, length, and wire thickness are 500 μm, 380 μm, 2000 μm, and 60 μm, respectively.

The OctoMag system shown in [Figure 2](#micromachines-09-00617-f002){ref-type="fig"} afforded five degrees of freedom (DOFs) to untethered microrobots (three position DOFs, two orientation DOFs) \[[@B7-micromachines-09-00617]\]. The system can also control the tethered microrobot (with two DOFs $\theta_{r}$ and $\theta_{y}$) by changing the direction of the magnetic field. The microrobot was positioned in the center of the workspace with the orientation is shown in [Figure 2](#micromachines-09-00617-f002){ref-type="fig"}. Two cameras were used to obtain top and side views in real time.

The Microrobot Fabrication
--------------------------

The microrobot exhibits high deformability. The micrometer scale enables the guidewire with a flexible microrobot to be inserted into coronary arteries, and high-level deformability enables guidance over a wide range of branch angles. Considering these design objectives, the microrobot was fabricated from PDMS and incorporated two permanent magnets (NdFeB, N52; Ningbo Zhonghang Magnetic Materials Co., Ltd, Zhejiang, China). The microrobot was cylindrical. The microrobot geometry and material properties are listed in [Table 1](#micromachines-09-00617-t001){ref-type="table"}.

A replica PDMS mold was prepared as a PDMS master, shown in [Figure 3](#micromachines-09-00617-f003){ref-type="fig"}a. As the mold and beam of the microrobot were made of the same material (PDMS), they tended to stick together after the beam was cured. The surface of the PDMS mold was coated with an anti-adhesive layer using the vapor-SAM (self-assembly monolayer) process. First, the surface of the PDMS mold was activated by an oxygen plasma treatment (CUTE; FEMTO SCIENCE, Seoul, Korea). Next, a hydrophobic layer of trichloro (1H,1H,2H,2H-perfluorooclyl) silane (Sigma-Aldrich, St. Louis, MO, USA) was deposited on the PDMS surfaces by a vapor silanization procedure in a vacuum chamber under a pressure of 0.5 bar at 80 °C for 2 h. This surface treatment prevented the beam from adhering to the mold when separated.

First, the PDMS beam (length 1 mm), permanent magnets, and micro-spring were aligned on the mold. The silicone elastomer mixture was then used to fill the mold in the closed chamber under vacuum followed by curing at 80 °C for 8 h. The final structure was deformed under the magnetic field shown in [Figure 3](#micromachines-09-00617-f003){ref-type="fig"}c,d. The microrobot could be attached to guidewires of various diameters.

3. Modeling for Microrobot Steering {#sec3-micromachines-09-00617}
===================================

3.1. Electromagnetic Force and Torque {#sec3dot1-micromachines-09-00617}
-------------------------------------

Maxwell's equations define the magnetic field as \[[@B25-micromachines-09-00617],[@B26-micromachines-09-00617]\]: $$\nabla \cdot \overset{\rightarrow}{B} = 0$$ $$\nabla \times \overset{\rightarrow}{B} = \mu_{0}J$$ where $\mathit{B}$ is the 3 × 1 magnetic field vector in the current-free space, $\mu_{0} = 4\pi \times 10^{- 7}$ $T \cdot A \cdot m^{- 1}$ is the permeability of the free space, and *J* is a vector-field describing the electrical current density, which is zero outside the coils. The magnetic force and torque on a magnetic object are given by the following equations: $$\overset{\rightarrow}{F} = \left( \overset{\rightarrow}{m} \cdot \nabla \right)\overset{\rightarrow}{B}$$ $$\overset{\rightarrow}{\tau} = \overset{\rightarrow}{m} \times \overset{\rightarrow}{B}$$ where $\overset{\rightarrow}{F}$ and $\overset{\rightarrow}{\tau}$ are the 3 × 1 force and torque vectors respectively, and $\overset{\rightarrow}{m}$ is the 3 × 1 dipole moment for the magnetic object. Maxwell's equations impose two constraints: (1) Equation ([1](#FD1-micromachines-09-00617){ref-type="disp-formula"}) indicates that the gradient matrix has a zero trace, and (2) Equation ([2](#FD2-micromachines-09-00617){ref-type="disp-formula"}) shows that the gradient matrix is symmetrical. The force (Equation ([3](#FD3-micromachines-09-00617){ref-type="disp-formula"})) is a function of field gradient, whereas the torque is a function of the field (Equation ([4](#FD4-micromachines-09-00617){ref-type="disp-formula"})). When steering the microrobot, for simplicity the magnetic gradient is considered to be zero, and magnetic torque (only) is used for steering. Furthermore, the field magnitude is considered to be constant, and the field direction is changed for steering \[[@B25-micromachines-09-00617],[@B26-micromachines-09-00617]\]. Therefore, the magnetic field is presented as: $$\begin{array}{r}
{\begin{bmatrix}
B_{x} \\
B_{y} \\
B_{z} \\
\end{bmatrix} = \begin{bmatrix}
{c\,\theta_{y}} & {- s\,\theta_{y}} & 0 \\
{c\,\theta_{r}s\,\theta_{y}} & {c\,\theta_{r}c\,\theta_{y}} & {- s\,\theta_{r}} \\
{s\,\theta_{r}s\,\theta_{y}} & {s\,\theta_{r}c\,\theta_{y}} & {c\,\theta_{r}} \\
\end{bmatrix}\begin{bmatrix}
0 \\
B \\
0 \\
\end{bmatrix}} \\
\end{array}$$ where *s* and *c* indicate sin and cos, respectively, *r* and *y* are the roll and yaw angles, and *B* is the magnetic field magnitude, which initially is in the *y*-direction. The magnetization matrix in Equation ([4](#FD4-micromachines-09-00617){ref-type="disp-formula"}) depends on microrobot deformation and is described in the subsequent section.

3.2. The Microrobot Deformation {#sec3dot2-micromachines-09-00617}
-------------------------------

The magnetization of the permanent magnets is initially chosen to be in the Y direction ($\begin{bmatrix}
{0\ m\ 0} \\
\end{bmatrix}$). However, matrix M depends on the orientation of the magnets. [Figure 4](#micromachines-09-00617-f004){ref-type="fig"} shows the geometry of the microrobot in the YZ plane, where the orientations of the magnets are represented by $\theta_{iyz}$ ([Figure 4](#micromachines-09-00617-f004){ref-type="fig"}) and similarly for the YX plane $\theta_{iyx}$. Therefore, considering both the rotational angles and the directions of initial magnetization, the magnetization vector for each magnet, *i*, can be written as: $$\begin{array}{r}
{M = \begin{bmatrix}
0 & {- \left( s\theta_{iyz}\, c\theta_{iyx} \right)} & {c\theta_{iyz}\, c\theta_{iyx}} \\
\left( s\theta_{iyz}\, c\theta_{iyx} \right) & 0 & {s\theta_{iyx}} \\
{c\theta_{iyz}\, c\theta_{iyx}} & {- s\theta_{iyx}} & 0 \\
\end{bmatrix}m} \\
\end{array}$$

Considering Equations ([5](#FD5-micromachines-09-00617){ref-type="disp-formula"}) and ([6](#FD6-micromachines-09-00617){ref-type="disp-formula"}), Equation ([4](#FD4-micromachines-09-00617){ref-type="disp-formula"}) can be written as: $$\begin{array}{l}
{\overset{\rightarrow}{\tau_{i}} = m\, B\mspace{720mu}\begin{bmatrix}
{\left( c\theta_{iyz}\, c\theta_{iyx} \right)\left( s\,\theta_{r}c\,\theta_{y} \right) - \left( s\theta_{iyz}\, c\theta_{iyx} \right)\left( c\,\theta_{r}c\,\theta_{y} \right)} \\
{\left( s\theta_{iyx}s\,\theta_{r}c\,\theta_{y} \right) - \left( s\theta_{iyz}\, c\theta_{iyx}s\,\theta_{y} \right)} \\
{\left( c\theta_{iyz}\, c\theta_{iyx}s\,\theta_{y} \right) - \left( s\theta_{iyx}c\,\theta_{r}c\,\theta_{y} \right)} \\
\end{bmatrix}} \\
\end{array}$$ where $\mathit{m}\,\mathit{B}$ shows the magnitude of the torque and the matrix represents the torque direction. Considering the deformation in the YZ plane, Equation ([7](#FD7-micromachines-09-00617){ref-type="disp-formula"}) is simplified ($\theta_{y} = 0$ and $\theta_{iyx} = 0$) as: $$\begin{array}{r}
{\overset{\rightarrow}{\tau_{i}} = m\, B\mspace{720mu}\begin{bmatrix}
{\sin\left( \theta_{r} - \theta_{iyz} \right)} \\
0 \\
0 \\
\end{bmatrix}} \\
\end{array}$$

Considering Equation ([8](#FD8-micromachines-09-00617){ref-type="disp-formula"}), the equivalent deformation in the Z direction ([Figure 4](#micromachines-09-00617-f004){ref-type="fig"}) can be shown as: $$D_{z} = mB\sum\limits_{i = 1}^{n}K_{i}\sin\left( \theta_{r} - \theta_{yzi} \right)$$ where $K_{i}$ is the stiffness and *n* is the number of magnets (in this paper, *n* = 2) in the microrobot. In summary, for a constant magnetic field, the deformation depends on stiffness (mechanical properties), and the difference between the magnet direction $\theta_{yz}$ and the field direction $\theta_{r}$. Therefore, $\theta_{r}$ can be used as an input signal for steering. Similarly, in the YX plane, $\theta_{yx}$ and $\theta_{y}$ determine the deformation and $\theta_{y}$ can be used for the steering.

To achieve higher deformation angles in low magnetic intensity, multi-magnets microrobot is introduced. The number of magnets are defined based on the microrobot geometrical limitation. Since large PDMS structure cannot retain its postures, the microrobot size is confined to 3.8 mm which limits the number of magnets to two. Considering Equation ([9](#FD9-micromachines-09-00617){ref-type="disp-formula"}) for one and two magnets the ratio of deformation is: $$\frac{D_{z2}}{D_{z1}} = 1 + \frac{K_{1}\sin\left( \theta_{r} - \theta_{yz1} \right)}{K_{2}\sin\left( \theta_{r} - \theta_{yz2} \right)}$$

Assuming $\theta_{yz1}$ and $\theta_{yz2}$ are equal, the deformation increase depends on ($K_{1}/K_{2}$) which is always a positive number smaller than 1. This increase was sufficient enough to reach (132.7°) deformation angle under 15 mT field in 1D steering \[[@B25-micromachines-09-00617]\].

Furthermore, considering Equation ([9](#FD9-micromachines-09-00617){ref-type="disp-formula"}), the deformation radius depends on the magnetization magnitude, magnetic field intensity, structural stiffness, and $\mathit{\sin}$ of the difference between $\theta_{r}$ and $\theta_{yz}$. Where the angular difference surpasses 90°, the effective force will be reduced. Experimental studies with different field intensities show that for magnetic intensities \<15 mT, the angular difference surpasses the threshold (90°) and leads to a decrease in the deformation for higher field directions \[[@B25-micromachines-09-00617]\]. Therefore, to avoid this condition and achieve a higher deformation angle, the magnetic intensity was considered to be 15 mT in all experiments. The modeling algorithm to obtain the required $\theta_{r}$ and $\theta_{y}$ for a desired position and orientation of the microrobot end-effector is studied in the subsequent section.

3.3. Modeling Algorithms {#sec3dot3-micromachines-09-00617}
------------------------

Initially, the microrobot's mechanical properties and geometry were considered using the information in [Table 1](#micromachines-09-00617-t001){ref-type="table"}. The modeling algorithm was divided into three parts: (1) system identification, (2) 1D steering, and (3) 2D steering. [Figure 5](#micromachines-09-00617-f005){ref-type="fig"} shows the flowchart of these three steps. The microrobot was assumed to have isotropic behavior, and the stiffness was assumed to be equal in the *z* and *x* directions.

### System Identification

It is challenging to analytically model nonlinear deformation in the microrobot. Therefore, in this paper, a system identification approach was used, consisting of three steps: (1) accumulating experimental data, (2) estimating the model for the data, and (3) validating the model.

In the first step, a magnetic intensity of 15 mT was applied, and the magnetic field direction was varied between 0 and 150°. The experiment was repeated three times. The collected data were analyzed using the MATLAB Image Processing Toolbox (MathWorks, Inc., Natick, MA, USA) and the deformation radius ($D_{z}$) and magnetic field direction ($\theta_{r}$) were obtained.

With variation in the field direction, the deformation radius ($D_{z}$) reached its peak and decreased with further elevation in the field direction ([Supplementary Video](#app1-micromachines-09-00617){ref-type="app"}). To simplify the model, the workspace for $\theta_{r}$ was considered to be between 10 and 120°. Thus, the deformation radius will constantly increase with an increase in the field direction $\theta_{r}$.

For the second magnetic field direction ($\theta_{y}$), the field direction was changed between 0 and 360° and the end-effector orientation in the YX plane was obtained. The results for $D_{z}$ with respect to $\theta_{r}$, and $\theta_{yx}$ (end-effector orientation) with respect to $\theta_{y}$ are illustrated in [Figure 5](#micromachines-09-00617-f005){ref-type="fig"}b,c respectively.

In the second step, to estimate the system behavior, several models were applied using polynomial and exponential functions. These models were compared with one another and the best match to the experimental data was selected and is shown in [Figure 5](#micromachines-09-00617-f005){ref-type="fig"}b,c.

In the third step, to validate the model, within the workspace limits, the $D_{z}$ and $\theta_{yx}$ were changed and maximum deviations between the experimental results and the model for $\theta_{r}$ and $\theta_{y}$ were 7.3% and 11.15%, respectively.

4. Results and Discussion {#sec4-micromachines-09-00617}
=========================

4.1. Two Dimensional Steering Experiment {#sec4dot1-micromachines-09-00617}
----------------------------------------

Utilizing the flowchart in [Figure 5](#micromachines-09-00617-f005){ref-type="fig"}a, and using the model in [Figure 5](#micromachines-09-00617-f005){ref-type="fig"}b for any desired deformation radius, the magnetic field direction can be determined. [Figure 6](#micromachines-09-00617-f006){ref-type="fig"}a shows the deformation radius under three different field directions ($\theta_{r}$).

To illustrate the 2D steering performance, initially for the desired deformation radius ($D_{z}$), the $\theta_{r}$ was calculated using [Figure 5](#micromachines-09-00617-f005){ref-type="fig"}b. Then, to change the orientation ($\theta_{yx}$), the $\theta_{y}$ was varied between 0 and 360°, [Figure 6](#micromachines-09-00617-f006){ref-type="fig"}b,c illustrate the change in the end-effector position in 2D steering. A maximum variation of 7.45 % between the experimental results and the desired radius was observed.

Finally, to show the 3D workspace, the deformation radius was varied between 1 and 3.38 mm and for each radius, and $\theta_{y}$ was varied between 0 and 360° (the experimental and desired results are presented in [Figure 6](#micromachines-09-00617-f006){ref-type="fig"}d).

Bar charts in [Figure 6](#micromachines-09-00617-f006){ref-type="fig"}e,f show the deviation between the desired and experimental path in 2D steering. A maximum deviation of 19.06% in a 1 mm radius was observed. For all other conditions, the maximum deviation remained under 10%. The general trend for all conditions except the 3.86 mm radius was descending. It has been observed that for radius 3.38 mm, the deformation was highly nonlinear, which decreases the reliability. To have a more acceptable agreement between the model and the experiments, the deformation radius was considered to be between 1 and 3 mm. Average coronary artery radius is 1.5 to 2 mm \[[@B27-micromachines-09-00617]\]. The upper limit is 3 mm which is bigger than the average coronary artery radius. Although, it is possible to steer the microrobot in smaller radius (\<1 mm); to reach higher performance the lower bound is limited to 1 mm.

4.2. Microrobot Steering in an Arbitrary Path {#sec4dot2-micromachines-09-00617}
---------------------------------------------

To show the designed microrobot performance in an arbitrary path, the initial letters of biomedical micro robots (BMR) were considered. The maximum deformation radius was considered to be 3 mm, and within this limit, the adequate number of points were designated for each letter (shown in [Figure 7](#micromachines-09-00617-f007){ref-type="fig"}a--c). The algorithm in [Figure 5](#micromachines-09-00617-f005){ref-type="fig"} was used to find the roll and yaw angles for each point.

The magnetic field directions ($\theta_{r}$ and $\theta_{y}$) were changed based on the model. Each point position is illustrated by a red dot in [Figure 7](#micromachines-09-00617-f007){ref-type="fig"}d--e. Considering the magnetic field direction in the workspace, the position of the end-effector was calculated by image processing and is shown in [Figure 7](#micromachines-09-00617-f007){ref-type="fig"}a--c. An acceptable agreement between the desired path and the experimentally obtained results can be observed in [Figure 8](#micromachines-09-00617-f008){ref-type="fig"}. For the letters B, M, R maximum deviations of 16.69%, 24.40%, 14.09% were observed, respectively. [Table 2](#micromachines-09-00617-t002){ref-type="table"} shows the magnetic field directions ($\theta_{r}$ and $\theta_{y}$) for the arbitrary path in [Figure 7](#micromachines-09-00617-f007){ref-type="fig"}. The magnetic field intensity was constant (15 mT) in all experiments.

4.3. The Guidewire-Steered Microrobot {#sec4dot3-micromachines-09-00617}
-------------------------------------

To show the practical application of the developed microrobot, a transparent 3D phantom of the right coronary artery was filled with water ([Supplementary Video](#app1-micromachines-09-00617){ref-type="app"}). The microrobot steered in the bifurcation magnetically and moved forward in the desired outlet manually. The microrobot was steered using the guidewire in a constant magnetic field of 15 mT magnitude, and only the field direction was changed for steering.

To target the right branch, deformations of 30° (roll), and 330° (yaw) angles were applied. The guidewire was then advanced by hand to pass through the bifurcation point. The guidewire-steered microrobot was pulled back manually to the bifurcation point. To align the guidewire with the microrobot to the left outlet, the field direction was changed to 0° (roll), and 30° (yaw). Then it was advanced manually to enter the outlet. To sum up, the guidewire-steered microrobot exhibited dexterous 3D movement in a 3D path, and could be steered by changing the field direction. The process is illustrated in the [Supplementary Video](#app1-micromachines-09-00617){ref-type="app"}.

5. Conclusions {#sec5-micromachines-09-00617}
==============

A microrobot was developed to improve intravascular guidewire steerability. The microrobot has a flexible structure and permanent magnets. The external magnetic field was used for steering the microrobot. The deformation angle depended on the magnetic gradient, and the direction and intensity of the magnetic field. The gradient was considered zero, the intensity was held constant (15 mT for all experiments), and the field direction was used for steering. The roll ($\theta_{r}$ varied between 0 and 120°) and yaw ($\theta_{y}$ varied between 0 and 360°) angles are used for steering. An algorithm with the system identification approach was utilized for modeling to enhance microrobot control.

To test a complex arbitrary path, the initial letters of BMR were considered. The microrobot was successfully steered to the desired points to show these letters. For 2D arbitrary path steering with letters $\mathit{B}$, $\mathit{M}$, and $\mathit{R}$ maximum deviations of 16.69%, 24.40%, and 14.09% respectively were measured using image processing tools. The practical application of the microrobot steered with a guidewire in a 3D phantom is shown in the [Supplementary Video](#app1-micromachines-09-00617){ref-type="app"}. Thus, our novel microrobot improves guidewire steerability and will find applications in robot-assisted PCI procedures.

The tailored electromagnetic actuation systems show the potentials of the presented scheme for future human scale experiments. Future works will contain the development of an electromagnetic actuation system with two X-rays for a real-time 3D monitoring. To upscale the electromagnetic actuation system, a cooling system should be integrated with electromagnets to enable higher current utilization. Moreover, bigger electromagnetic coils can be used to increase the workspace. Mathematical and FEM models should be developed to optimize the system design.
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![The schematic for flexible microrobot steering.](micromachines-09-00617-g001){#micromachines-09-00617-f001}

![(**a**) The experimental setup for microrobot steering with the OctoMag system, (**b**) Optical image of the microrobot, (**c**) X-ray image of the microrobot.](micromachines-09-00617-g002){#micromachines-09-00617-f002}

![Fabrication of the flexible microrobot. (**a**) The polydimethylsiloxane (PDMS) mold and the microrobot, (1) the micro-spring; (2) PDMS block (3) first magnet (4) second magnet (5) PDMS mold; (**b**) fabricated microrobot on the PDMS mold; (**c**) top, and (**d**) side views of the microrobot during the steering tests.](micromachines-09-00617-g003){#micromachines-09-00617-f003}

![The microrobot steering from the initial position (1) to the desired position (2), deformation in yz-plane under roll angle ($\theta_{r}$) is illustrated, similar deformation is assumed in yx-plane under yaw angle ($\theta_{y}$).](micromachines-09-00617-g004){#micromachines-09-00617-f004}

![(**a**) The modeling algorithm for one dimensional (1D) and two dimensional (2D) steering; (**b**) the workspace for magnetic field direction $\theta_{r}$, and (**c**) $\theta_{y}$.](micromachines-09-00617-g005){#micromachines-09-00617-f005}

![(**a**) 1D steering of a microrobot with different deformation radii ($D_{z}$); (**b**) 2D steering of a flexible microrobot with different deformation directions of the end-effector ($\theta_{yx}$); (**c**,**d**) the compression between the desired path and experimental results ($\theta_{r}$ is 33° and $\theta_{y}$ varied between 0° and 360°); (**e**) 2D steering for different deformation radii $D_{z}$, for the circles (from 1 to 3.38 mm radius) $\theta_{r}$ is 15°, 23°, 33°, 46°, 65°, 105°, respectively, and $\theta_{y}$ is varied between 0° to 360°, (**e**) maximum deviation between the experimental and the desired position (**f**) average deviation between the experimental and the desired position.](micromachines-09-00617-g006){#micromachines-09-00617-f006}

![(**a**--**c**) compression between the desired path (using the initial letters of the biomedical micro robot (BMR)) and the experimental results, (**d**--**f**), the experimental results (the red dots are the end-effector position in each step).](micromachines-09-00617-g007){#micromachines-09-00617-f007}

![(**a**) Maximum and (**b**) average deviation between the desired path (using the initial letters of the BMR) and the experimental results.](micromachines-09-00617-g008){#micromachines-09-00617-f008}

micromachines-09-00617-t001_Table 1

###### 

Geometrical information and mechanical properties of the microrobot.

                 Geometrical Information   Mechanical Properties                                             
  -------------- ------------------------- ----------------------- --------- --------------------- --------- ------------------------
  Microrobot     $D_{R}$                   500                     $L_{R}$   3800                  0.97 \*   $600 \times 10^{3}$ \*
  Magnet         $d_{m}$                   400                     $L_{m}$   800                   7500      $160 \times 10^{9}$
  Micro-spring   $d_{s}$                   500                     $L_{s}$   2000                  \-        \-
  Guidewire      $d_{g}$                   360                     $L_{g}$   $1.9 \times 10^{6}$   \-        \-

\* PDMS part of the microrobot.

micromachines-09-00617-t002_Table 2

###### 

The magnetic field direction for 2D steering of the microrobot in an arbitrary path.

  Point Number      1              2      3      4      5       6     7       8      9      10     11     12     13     
  ----------------- -------------- ------ ------ ------ ------- ----- ------- ------ ------ ------ ------ ------ ------ ------
  Field direction   $\theta_{r}$   65°    23°    65°    48.5°   65°   36°     10°    23°    10°    36°    65°    47°    65°
  for letter "B"    $\theta_{y}$   254°   197°   136°   104°    71°   54°     104°   197°   281°   320°   307°   281°   254°
  Field direction   $\theta_{r}$   65°    36°    65°    25.5°   0°    25.5°   65°    36°    65°    \-     \-     \-     \-
  for letter "M"    $\theta_{y}$   254°   197°   152°   152°    2°    54°     54°    2°     320°   \-     \-     \-     \-
  Field direction   $\theta_{r}$   65°    23°    65°    48.5°   65°   36°     10°    23°    10°    65°    \-     \-     \-
  for letter "R"    $\theta_{y}$   254°   197°   136°   104°    71°   54°     104°   197°   281°   307°   \-     \-     \-
